In this study, we present maps of ground surface displacement of the coastal urban city of Trondheim in central Norway using observations from interferometry synthetic aperture radar (InSAR). We used 98 SAR images including 31 TerraSAR-X, 49 Radarsat-2, and 18 Sentinel-1 to assess mean deformation velocity maps and displacement time-series in the city between 2012 and 2016. We processed the data using InSAR time-series technique of Small BAseline Subset (SBAS) approach. The results show that the displacement with the maximum value of approximately -15 mm/yr has been happening on the coastal area since 2012. However, in the rest of the city displacement patterns vary in different time-periods. The displacement velocity in the city ranged from -10 to +2 mm/yr in 2012-2014, -4 to +2 mm/yr in 2012-2015, and -7 to +7 mm/yr in 2015-2016 in the line of sight (LOS) direction.
Introduction
Trondheim city is located in central Norway. It is a coastal city, lying on the south shore of the Trondheim Fjord and the river Nidelva runs through the city (see Fig. 1 ). Flood, erosion and landslide naturally occur in and along Norwegian rivers and may cause considerable damage to houses, roads and other infrastructure situated along the river. For instance, in January 2012, a massive landslide took place just south of Trondheim leading to evacuation order of people from a rural area.
In regions like Trondheim, risk managers and local administrations need ground deformation maps to plan effective prevention measures and implement warning systems. Even if ground deformation cannot be prevented or stopped, it must be accounted for in new construction planning.
Identification and monitoring of ground deformation can be accomplished using a number of surveying techniques. These techniques have been evolved using Global Navigation Satellite Systems (GNSS) [1] [2] [3] , but for large areas, the use of GNSS and leveling are time consuming, expensive and laborious. In contrast to the surveying techniques that rely on point measurements at the Earth surface, Interferometric Synthetic Aperture Radar (InSAR) overcomes many practical limitations and readily provides high-resolution measurements of sub-cm accuracy over relatively large areas [4] [5] [6] . Advanced time-series techniques of Persistent Scatterer (PS) and small baseline methods 7-9 enable the retrieval of deformation time-series and velocity maps from SAR data [10] [11] [12] [13] [14] . In this study, we use 98 SAR images from TerraSAR-X, Radarsat-2, and Sentinel-1 to assess deformation during 2012-2016. The data is processed using InSAR time-series technique of Small BAseline Subset (SBAS) approach, implemented in StaMPS software (http://radar.tudelft.nl/~ahooper/stamps). 
Data and methodology
The SAR dataset used in this study consists of 31 TerraSAR-X data in a descending track covering January 2012-March 2014, 49 Radarsat-2 data in an ascending track covering March 2012-October 2015, and 18 Sentinel-1 data in an ascending track covering Jun 2015-May 2016. Fig. 1 illustrates the outline of the processed area with different satellites. We performed time-series analysis of SBAS approach implemented in StaMPS software. The processing method includes three main steps. Firstly, we created the networks with 82, 280, and 67 differential interferograms using data from TerraSAR-X, Radarsat-2, and Sentinel-1, respectively, with minimal spatial, temporal and Doppler baselines. The interferograms of the TerraSAR-X and Radarsat-2 data have been produced using the repeat-pass technique implemented in DORIS 15 . For the Sentinel-1 data we used Gamma 16 software to produce the interferograms. The digital terrain model is provided by the Norwegian Mapping Authority with a resolution of 10 m for topography phase correction and geocoding.
Having made the differential small baseline interferograms, the next step is selecting the Slowly Decorrelating Filtered Phase (SDFP) pixels. As there is a correlation between amplitude stability and phase stability, for the sake of computational efficiency, an initial selection of SDFP pixels is implemented in StaMPS using the amplitude difference dispersion index threshold. The index is the standard deviation of the amplitude difference between the master and slave divided by the mean amplitude, which was set to 0.6 in this study. Using an iterative statistical process the final set of SDFP pixels were selected.
In the third step, a three-dimensional phase unwrapping was applied on the selected SDFP pixels 17 . Finally, a leastsquares inversion was carried out to derive the displacement time-series. Further details regarding StaMPS can be found in the relevant literature 9, 18 . One of the main challenges in InSAR processing is related to atmospheric delays. A temporal change in the amount of atmospheric water vapor between the acquisition times of SAR images affects the refractive index of the atmosphere and induces a propagation delay. Part of the atmospheric artifacts have been accounted for in the computations in StaMPS. The computation technique has proven to be effective in the mitigation of atmospheric artifacts when a long time-series of interferograms are used as it is the case in this study. However, complexity of our study area requires further investigation of atmospheric effects [19] [20] [21] [22] . Fig. 2 shows the displacement velocity maps along the line of sight (LOS) direction using TerraSAR-X (Fig. 2a) , Radarsar-2 (Fig. 2b) , and Sentinel-1 (Fig. 2c) . As it can be seen, the displacement with the maximum value of approximately -15 mm/yr is happening on the coastal area during 2012-2016. However, in the rest of the city displacement patterns vary in different time-periods. However, the most part of the difference in LOS velocity maps is because of the different displacement patterns in different years. Therefore, the LOS velocity maps alone are not useful in interpreting the results. Time-series of displacement should be considered as well.
Results and discussion
To compare three sets of displacement time-series, we converted LOS of each observation to the vertical direction by ignoring the horizontal components. The three time-series were computed using one master scene for each dataset. The temporal reference is the master date. To combine the vertical displacement of the three datasets, we have to account for relative ground displacement between the master dates in the three time series. For this, we fitted a linear trend to each of the time-series and calculated the shifts between datasets. The results of which for three areas relevant to the points labelled A, B, and C in Fig. 2a have been illustrated in Fig. 3 . As it can be seen, the three series follow each other closely. The time-series of the point A, located in coastline depicts that the area is subsiding steadily with the cumulative displacement of approximately 8 cm during 2012-2016 (Fig. 3a) . This area is the river delta and has been filled by different kinds of building materials up to 5-10 m depth. Therefore, it is at the preliminary consolidation steps.
The time-series of the point B, which is a clayey area located beside the river, shows that the area subsided until the mid-2014 by approximately 3 cm, its rate is decreased until the mid-2015, and it is subsided again by 2 cm with some fluctuations until mid-2016 (Fig. 3b) . The Fig. 3c shows the time-series of the point C, which is situated close to the coast. As it can be seen, the area has been affected by short-term fluctuations in sinus cycle. It rises in winter and goes down in summer. 
Conclusion
InSAR analysis is an effective technique to map surface deformation with high spatial resolution. We used X-band and C-band InSAR time-series survey to monitor the displacement in Trondheim city, Norway. The result of InSAR analysis shows that the ground monitoring of an urban city can be performed with high precision. Moreover, detection of the parts where the collapse is expected to occur in the near future is also possible. The results here presented suggest that the InSAR technique can offer information useful to build up a monitoring and identification system.
The results showed the displacement with peak amplitude of approximately -15 mm/yr has been occurring on the coastal area since 2012. In the rest of the city displacement patterns vary in different time-periods. Vertical displacement time-series derived from TerraSAR-X, Radarsat-2, and Sentinel-1 data between 2012 to 2016 follow each other closely. The reason of displacements in urban areas, especially coastal cities like Trondheim is a challenging task. Several factors can be considered to explain displacements. Among them, hydrological factors, climate, and surface roughness. It should also be mentioned that the study area experiences post glacial rebound of around 4 mm/yr (however, the relative uploading rate is approximately 0.5 mm/yr). The study area experiences severe temperature changes. Temperature differences in the imaged area between two SAR acquisitions add a thermal component to interferograms, which needs to be analyzed with care for deformation analysis in urban areas (see e.g. 23, 24 ).
